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Abstract
Wepresent a study of ρT and aT production in proton-proton collisions at
√
s = 10 TeV
using the ρT/aT → WZ → ```ν final state. Such a signature is found in low-scale
walking technicolor models. We conclude that it is possible to exclude at 95% C.L. the
ρT →WZ process for ρT masses up to 300 GeV with ∼ 450 pb−1 of data.

11 Introduction
Technicolor (TC) is a strongly interacting gauge theory which allows for the dynamical break-
down of electroweak symmetry [1, 2]. Recent versions with a slowly-running or “walking”
gauge coupling enable extended technicolor (ETC) to generate realistic masses for fermions and
techni-pions and also to evade the unwanted flavor changing neutral current interactions [3–
6]. An additional consequence is that the walking tends to make the technicolor scale lower
than previously expected, and the spectrum of this low-scale technicolor (LSTC) [7] thereby
becomes more accessible at the LHC. The lightest ρT and ωT are expected to have masses be-
low ≈ 500 GeV, and their decay channels (eg. ρT → WZ) have distinctive signatures with
narrow resonant peaks.
A long standing problemwithwalking technicolor has been a very large value for the precision-
electroweak S-parameter [8]. Recent models incorporate the idea that the S-parameter can
be naturally suppressed if the lightest ρT and its axial-vector partner, aT, are nearly degener-
ate. The phenomenology of these techni-hadrons is described in the “Technicolor Straw-Man
Model” (TCSM) [9].
This note supersedes a previous feasibility study initiated during the Les Houches 2007 work-
shop [10]. This updated version of the analysis uses the detailed GEANT4 simulation of the
CMS detector, improved object identification algorithms and formulation of methods for data-
driven background estimation. In addition, this study is performed assuming the LHC startup
center of mass energy of
√
s = 10 TeV unlike the previous version which assumed the design
center of mass energy of
√
s = 14 TeV.
The ρT (and aT) production in pp collisions at the LHC occurs primarily through quark annihi-
lation into an intermediateW∗ boson (see Fig. 1). In this study we focus on the tri-lepton final
state resulting from the ρT and aT decay via a WZ boson pair (ρT/aT → WZ → ```ν). The
major sources of background are WZ di-boson production, ZZ di-boson production, tt¯, and
Z+jets production.
2 Signal Generation
We concentrate on four TCSM mass points not excluded by other experiments and that cover
a range accessible with less than ∼ 5 fb−1 of integrated luminosity. These masses along with
the signal cross sections are listed in Table 1. The signal samples were generated using an
updated version of PYTHIA [11]. This updated version includes both the vector and axial-vector
resonances, ρT and aT, respectively, with MaT = 1.1MρT . This helps to naturally suppress the
electroweak parameter S since the first set of vector resonances (ρT) and the first set of axial-
vector resonances (aT) are nearly degenerate. In addition, the Technicolor parameters, MV (for
techni-vectors) and MA (for aT) were set to be equal to MρT and MωT . Furthermore, new decay
modes for aT were incorporated in this version of PYTHIA in order to fully model its behavior.
An older analysis [12] used the previous modeling of TCSM to study the ρT →WZ channel i.e.
aT →WZ was not included1.
In Figure 2 we plot the generator level invariant mass of theWZ pair for a ρT of mass 300 GeV
(from Table 1). The larger resonant peak comes from the ρT while the smaller peak to its right
denotes the aT resonance. The generator level samples were processed using the CMS GEANT4
simulation.
1The current analysis also employs somewhat different selection criteria in order to preserve the ability to study
the decay angular distributions that could be used to differentiate between the vector and axial-vector resonances.
2 3 Event Reconstruction and Object Selection
Table 1: Parameter sets for the signal samples used in the study. BR refers to the branching
ratios of theW and Z to electrons and muons. Cross-sections quoted are computed by PYTHIA
to leading-order (LO).
Parameter Set mρT = mωT (GeV) maT (GeV) mpiT (GeV) MV = MA (GeV) σ× BR (fb)
A 225 250 150 225 232
B 300 330 200 300 74
C 400 440 275 400 24
D 500 550 350 500 9
Figure 1: Dominant Feynman diagram
for ρT (and aT) production at the LHC.
The process mainly occurs through the s-
channel process.
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Figure 2: Generator-level WZ invariant mass
distribution for ρT of mass 300 GeV. The reso-
nance at 300 GeV corresponds to the degener-
ate ρT while the smaller resonance to its right
corresponds to aT.
The full list of signal and background samples used is given in Table 2. Fast detector simula-
tion, whenever it is used, is cross-checkedwith the full detector simulation to ensure proper de-
scription of the detector effects. We considered a potential contribution to the background from
WW+jets. WW+jets has the same final state as Z+jets and tt¯, and we expect it to contribute
with the same scale factor as the latter two processes. However, since its cross section is very
small compared to Z+jets and about 1/5 of the tt¯ cross section, we neglected this contribution
for this analysis. Additionally, we considered a potential contribution to the background from
the Zγ process but found it to be negligible for our selection criteria and hence have chosen not
to include it in this analysis.
3 Event Reconstruction and Object Selection
In this note we investigate a final state signature which consists of three charged leptons (elec-
trons and/or muons) and a neutrino. Electron candidates are reconstructed using a collection
of electromagnetic clusters with matched pixel tracks. The momentum of the electron track
is then fitted using a Gaussian-Sum Filter (GSF) algorithm along its trajectory. This algorithm
3Table 2: Cross sections, and numbers of events generated for signal and background samples
considered in this analysis. The cross sections for the signal processes include the branching
ratios of the W and Z to electrons and muons.The VQQ sample consists of a W or Z boson
produced in association with a pair of heavy quark jets. The Z+jets and QCD samples contain
events produced in different pˆT bins.
Process Generator Simulation σ (pb) Events
ρT (M = 225GeV) PYTHIA Full 0.232 10 k
ρT (M = 300GeV) PYTHIA Full 0.074 10 k
ρT (M = 400GeV) PYTHIA Full 0.024 10 k
ρT (M = 500GeV) PYTHIA Full 0.009 10 k
WZ → ``` ν PYTHIA Full 0.56 116 k
ZZ → ```` PYTHIA Full 0.07 263 k
tt PYTHIA Fast 250. 1 M
VQQ MADGRAPH Full 289. 1 M
Z+jets PYTHIA Fast — —
QCD PYTHIA Full — —
W+jets MADGRAPH Fast 40000. 100 M
W+jets MADGRAPH Full 40000. 10 M
accounts for the possible emission of bremsstrahlung photons in the silicon tracker. Muon
candidates are reconstructed using information from both the muon detectors and the silicon
tracker. This “global muon” collection utilizes a global fit to the muon detector segments and
the silicon tracker tracks.
When processing samples, we enforce a preselection, storing only those events which have
at least three leptons with pT greater than 10 GeV. At this point, we select a Z candidate by
choosing the pair of like-flavor, opposite-charge leptons whose invariant mass (m``) is closest
to the Z mass. If two non-overlapping Z candidates are found with 50 < m`` < 120, then the
event is rejected to diminish background from ZZ production. After confirming that the event
has only one Z candidate in this wide range, we tighten the final window to 5 times the Zwidth
(|macceptedZ −m``| < 12.5GeV).
After the Z selection, we choose the highest-pT candidate from any remaining electrons or
muons to use in reconstructing the W. We assign the neutrino from the W a transverse mo-
mentum equal to the missing transverse energy (EmissT ), allowing us to calculate the pT of the
reconstructedW as well as its transverse mass, defined as
MT(W) =
√
2EmissT E`(1− cos∆φ), (1)
where E` is the energy of the lepton associated with theW and ∆φ is the azimuthal separation
between that lepton and the ~EmissT .
The transverse mass of theWZ resonance can then be calculated according to Ref. [13] as
M2T(WZ) =
[√





∣∣∣~pT(```) + ~EmissT ∣∣∣2 , (2)
where M(```) and ~pT(```) are the invariant mass and vector sum of pT, respectively, for the
three charged leptons associated with theW and Z candidates.
4 5 Muon Identification
In addition, we estimate the invariant mass of theWZ resonance by assuming themass of theW
to calculate the longitudinal momentum of the neutrino (pz(ν)). There is a quadratic ambiguity
involved in this calculation and we compared different methods for resolving it: we can choose
the smaller of the two solutions or we can choose the solution which minimizes the opening
angle between the neutrino and the charged lepton assigned to the W. The opening angle is
expected to be small in the case of a boosted W. We compared these methods by inspecting
the difference between our calculated values and the pz of the generated neutrino (see Fig. 3),

















Figure 3: Comparison of different methods of resolving the quadratic ambiguity in the pz(ν)
calculation. “MinAngle” and “MaxAngle” base the decision on the angle between the neutrino
direction and that of the lepton assigned to theW.
4 Trigger
We select events using single muon and electron triggers. The former require the event to have
a muon candidate reconstructed in both the muon detector and the tracker with pT > 9 GeV,
and the latter requires the event to have at least one reconstructed electron with ET > 15 GeV.
As the final state has at least three lepton candidates with pT above these thresholds, the effi-
ciency to trigger using the above selection is greater than 99%.
5 Muon Identification
Anticipating difficulties with understanding detector performance in early running, we have
adopted a simple set of muon identification criteria that will minimize reliance on alignment.
The muon selection criteria are optimized in order to select good muons with high efficiency.
For the dimuon pairs chosen as Z candidates, we simply require both muons to have pT above
10 GeV. We expect a comparatively high rate of fake W candidates coming from jets, so we
impose a tighter selection on muons from the W candidate. First, we choose a higher pT cut
of 20 GeV (Fig. 4). Next, we define a transverse impact parameter significance, SIP , as the






We require SIP < 8 for muons fromW candidates.
Finally, we define an isolation criterion. Isolation values are available for the tracker, the elec-
tromagnetic calorimeter (ECAL), and the hadronic calorimeter (HCAL). The pT of tracks or the
ET of calorimeter deposits are summed in a cone around the muon’s direction at the IP with a
width of ∆R < 0.3 where ∆R ≡ √∆η2 + ∆φ2. A separate veto cone is subtracted from the sum,
with a different definition for each system:
• Tracker veto: ∆R < 0.01 around the muon position at the inner edge of the pixel
detectors
• ECAL veto: ∆R < 0.07 around the muon position at the inner edge of the ECAL
• HCAL veto: ∆R < 0.1 around the muon position at the inner edge of the HCAL
We choose to use a combined relative isolation which includes only the tracker and ECAL
isolation values, scaled by the pT of the muon:





We require that muons from a W candidate have a combined relative isolation less than 0.1.
After this cut is applied, we see little discriminating power left for isolation using the HCAL.
The isolation distribution is shown in Fig. 5, while the overall fake rates and efficiencies for this









































Figure 4: pT of muons fromW candidates for
events with a good Z candidate.
Isolation




































Figure 5: Combined relative isolation (Eq. 4)
for muons fromW candidates passing the pT
and SIP requirements.
6 Electron identification
Electrons in the WZ final state can be produced by the decay of either a Z or a W boson. The
backgrounds to the Z → ee processes include tt¯ andW+jets and can be controlled by imposing






















Figure 6: Overall efficiency of the selec-
tion criteria for muons from a W candidate.
Shown are all samples that contain a genuine
















Figure 7: Overall fake rate for the selection
criteria for muons from aW candidate for the
relevant background samples.
Table 3: Summary of requirements on muon candidates. “—” indicates no requirement.
Requirement Muons from Z Muons fromW
pT > 10GeV > 20GeV
SIP — < 8
Relative Isolation — < 0.1
kinematic constraints on the di-electron candidate mass. These backgrounds are estimated
to be relatively small, and thus the electron selection criteria should be optimized to achieve
the highest efficiency for electrons and with a relatively small misidentification rate of a few
percent. The background to electrons from W → eν production is from Zγ where a photon
converts and is misidentified as an electron and Z+jets with one of the jets being misidentified
as an electron. The latter background is the most copious and requires a set of high-performing
electron selection criteria with an overall efficiency of above 70% and a misidentification rate
below a percent.
Therefore, we optimized the electron identification criteria following closely the procedure uti-
lized in the study of the WZ production [14]. We produce two simple “cut-based” criteria for
electron identification, a “loose” one to identify electrons from Z → ee decays and a “tight” one
to identify electrons fromW → eν decays. The Monte Carlo simulation samples used for both
signal and background are listed in Table 2.
We use the Z → µµ decay to simplify the study while letting the W boson decay into an
electron and a neutrino. We require an event to satisfymuon triggers that are 99% efficient. This
unbiases the electron identification from the trigger, the Z boson reconstruction requirements
utilizing only the muon detector, and the reconstruction algorithms. We follow the Z → µµ
reconstruction strategy described in the previous section. TheW boson candidate is identified
by an electron candidate reconstructed in either the barrel or the endcap parts of the ECAL
7defined as being in the pseudorapidity ranges of |η| < 1.479 and 1.55 < |η| < 2.5, respectively.
The electron candidate is required to have pT > 20 GeV. If more than one electron candidate
is found, we select the one with the highest pT. In addition to the above-mentioned selection
criteria we apply a second Z boson veto to suppress ZZ background. This criterion is retained
to keep the event selection criteria as close to the final as possible.
We apply several additional selection criteria to suppress jets misidentified as leptons. These
are briefly described below.
• Track-ECAL matching described in the azimuthal and pseudorapidity planes and
denoted as ∆φ and ∆η, respectively.
• The η-width of the seed ECAL energy cluster denoted as σηη .
• The ratio of the ECAL shower energy to the momentum of the track at vertex, de-
noted as E/p.
• The ratio of the HCAL energy deposit to the ECAL energy, H/E.
In addition to these shape and energy deposition variables, we use the isolation discriminant
since leptons from vector boson decays are isolated from tracker and HCAL activities. We
briefly summarize these isolation definitions below.
• ECAL isolation is defined using the energy sum of reconstructed hits in a pattern
consisting of a central cone and a strip in φ centered on the electron energy deposi-
tion. The shape is optimized to take into account electron Bremsstrahlung shower
fragments that can spoil standard cone-shaped isolation. The energy threshold for
the barrel(endcap) is 80MeV(300MeV). The center cone has a radius of ∆R < 0.4, the
veto cone is ∆R > 0.045 for the barrel and 0.070 for the endcap. The strip half-width
is the same for the barrel and the endcap and is 0.02 in η.
• HCAL isolation is defined using the sum of the transverse energy in the calorimeter
towers summed in a cone centered on the electron with ∆R < 0.4.
• Track isolation is defined as the sum of pT of tracks in a hollow cone 0.015 < ∆R <
0.3 centered on the electron track at vertex. Only tracks that have pT > 1 GeV are
included in the sum.
To keep potential systematic uncertainties in the determination of the Z+jets background us-
ing the data driven methods (described later in the note) to a minimum, the tight selection
criteria has simply an additional isolation requirement imposed on top of the loose selection.
Therefore, we start the optimization of the loose criteria first. We then sequentially apply the
above-mentioned requirements choosing the value of the threshold such that the signal effi-
ciency of each criterion exceeds 98%. To keep the number of requirements to a minimum, we
study the efficiency of each individual criterion after applying the remaining criteria to assess
the level of correlation. Only the least correlated variables are retained. The final selection cri-
teria are very similar to those used in other electroweak analyses. It should be noted that the
current set of samples do not have pile-up simulated. Any potential difference in the selection
that may arise due to pile-up and different detector conditions will be investigated in future
versions of the analysis and eventually with collision data.
The final selection criteria that are found to offer the optimal performance for selecting electrons
from Z → ee decays are summarized in Table 4. The signal efficiency and misidentification
rate for these criteria are 0.904± 0.006 and 0.038± 0.004 for the barrel, and 0.908± 0.008 and
0.128 ± 0.015 for the endcap, respectively. These efficiencies and misidentification rates are
quoted with respect to reconstructed electron candidates. The performance of the loose criteria



















Figure 8: The efficiency of the loose electron
criteria for the barrel is shown as a function of
the lepton pT (black points). The background



















Figure 9: The efficiency of the loose electron
criteria for the endcap is shown as a func-
tion of the lepton pT (black points). The back-
ground efficiency is also shown
is illustrated in Fig. 8 for the barrel and Fig. 9 for the endcap.
Table 4: Summary of requirements on electron candidates. “—” indicates no requirement.
Criteria Barrel threshold Endcap threshold
pT (Z electron) > 15GeV > 15GeV
|∆η| < 0.005 < 0.007
|∆φ| < 0.040 < 0.040
σηη < 0.011 —
E/p > 0.76 > 0.68
H/E < 0.016 < 0.025
pT (W electron) > 20GeV > 20GeV
Relative calorimeter isolation < 0.1 < 0.16
Relative track isolation < 0.1 < 0.1
The tight criteria for the barrel are obtained by adding two relative isolation requirements: (i)
the combined ECAL and HCAL isolation normalized by the electron candidate pT and (ii) the
relative track isolation (track isolation normalized by the pT of the electron candidate). Each
of these isolation criteria are required to be less than 0.1. The efficiency and misidentification
rate for the barrel tight requirement are 0.815± 0.073 and 0.009± 0.001, respectively. The pT-
dependence is illustrated in Fig. 10.
The tight endcap selection criteria are obtained by requiring the combined ECAL and HCAL
relative isolation requirement to be below 0.16 and the relative track isolation to be below 0.1 (in
addition to the loose endcap criteria). The electron candidate satisfies the tight endcap criteria
in 85.0± 1.0% of the cases and the misidentification rate is measured to be 0.068± 0.011. The



















Figure 10: The efficiency of the tight elec-
tron criteria for the barrel is shown as a
function of the lepton pT (black points). The



















Figure 11: The efficiency of the tight elec-
tron criteria for the endcap is shown as a
function of the lepton pT (black points). The
background efficiency is also shown.
7 Event selection criteria
After the selection ofW and Z candidates (as described in the previous sections), we apply ad-
ditional selection criteria in order to enhance the signal to background ratio. We use two sets of
requirements, one optimized for the early running period or for ρT = 225 GeV and another one
optimized for higher luminosity running or ρT = 300 GeV. The latter set is used for the higher
mass points as well. The optimization was done using various significance estimators [15], and
the results were found to be consistent between them.
Additional requirements for ρT = 225 GeV:
• The transverse momentum of the reconstructed Z boson is required to be greater
than 50 GeV.
• The transverse momentum of the reconstructed W boson is required to be greater
than 50 GeV.
• Leptonic HT, defined as the scalar sum of the transverse momentum of the three
leptons, is required to be greater than 130 GeV.
Additional requirements for ρT = 300 GeV:
• The transverse momentum of the reconstructed Z boson is required to be greater
than 90 GeV.
• The transverse momentum of the reconstructed W boson is required to be greater
than 90 GeV.
• Leptonic HT, defined as the scalar sum of the transverse momentum of the three
leptons, is required to be greater than 160 GeV.
These distributions are shown in Fig. 12-13.
The reconstructedWZ invariant mass distributions for ρT = 225 GeV and ρT = 300− 500 GeV
are shown in Fig. 14 for 1 fb−1 of data. The ρT and aT resonances are no longer as degenerate
as in the generator level case owing to EmissT resolution effects incorporated in the detector
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Figure 12: Z pT (left) and W pT (right) distributions for signal and background samples. The
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Figure 13: Leptonic HT distributions for signal and background samples. The distributions are
normalized to unit area.
11
 (GeV)WZM






















































eV (M = 300 GeV)
T
ρ
(M = 400 GeV)
T
ρ










Figure 14: WZ invariant mass distributions for signal (ρT = 225 GeV) and background samples
(left). WZ invariantmass distributions for signal (ρT in the range 300–500 GeV) and background
samples (right). The distributions are normalized to an integrated luminosity of 1 fb−1 in order
to improve visualization.
simulation. For calculating the number of observed events a mass window of 1.4σg is chosen
around the ρT mass peak where σg is the gaussian sigma. This choice of a 1.4σ mass window
has been taken from Ref. [16] where it has been shown to be the optimumwindow size for such
searches.
During the first run of the LHC, we expect∼ 200 pb−1 of data to be collected. The final efficien-
cies of the selection criteria and the number of events per 200 pb−1 of data that survive all the
criteria and are in the mass window (described above) are listed in Table 5. The summary of
the breakdown of the background contributions is given in Table 6. The quoted uncertainties
include statistical and systematic uncertainties, the latter described later in this document.
Table 5: Final efficiencies and number of events for the various selection criteria for 200 pb−1
of data. The quoted uncertainties include statistical and systematic uncertainties (purely from
simulation), the latter described later in this document. These Monte Carlo based uncertainties
are superseded by uncertainties obtained using data-driven methods (Sec. 9).
Process Efficiencies Expected signal Expected background
Signal (emain) events per 200 pb−1 events per 200 pb−1
ρT (M=225 GeV) 0.137± 0.037 8.60± 3.17 4.75± 0.95
ρT (M=300 GeV) 0.186± 0.034 3.71± 1.15 1.79± 0.39
ρT (M=400 GeV) 0.251± 0.046 1.62± 0.50 1.05± 0.27
ρT (M=500 GeV) 0.254± 0.047 0.65± 0.20 0.24± 0.06
8 QCD Background Estimation
QCD multi-jet events will also pass our selection criteria due to jets being misidentified as
leptons. The relatively small probability of jets being misidentified as leptons compounded
with the large cross-sections of QCDmulti-jet events will require the production ofMonte Carlo
12 8 QCD Background Estimation
Table 6: Summary of final number of background events for 200 pb−1 of data. The quoted
uncertainties include statistical and systematic uncertainties (purely from simulation), the latter
described later in this document. These Monte Carlo based uncertainties are superseded by
uncertainties obtained using data-driven methods (Sec. 9).
Process ρT (M=225 GeV) ρT (M=300 GeV) ρT (M=400 GeV) ρT (M=500 GeV)
WZ 1.42± 0.50 0.70± 0.22 0.51± 0.16 0.19± 0.06
ZZ 0.24± 0.08 0.08± 0.02 0.03± 0.01 0.02± 0.01
VQQ 0.76± 0.43 0.00± 0.00 0.00± 0.00 0.00± 0.00
tt¯ 1.01± 0.46 0.62± 0.29 0.39± 0.21 0.00± 0.00
W + jets 0.00± 0.00 0.00± 0.00 0.00± 0.00 0.00± 0.00
Z + jets 1.32± 0.50 0.38± 0.14 0.12± 0.04 0.03± 0.01
samples at least an order of magnitude larger than what is currently available. Therefore, in
the following section we factorize the selection criteria into two independent requirements of
having one Z candidate and oneW candidate to make better use of the small samples available.
The assumption that the selection of theW and Z are independent is validated by the results,
and will be discussed further below. To see that the factorization is valid, we first note that the
requirement for an event to pass the selection criteria can be broken down into three categories:
(i) event has HT > 160 (Pr(HT)), (ii) event contains a Z (Pr(Z)), and (iii) event contains a W
(Pr(W)). The probability for passing a background event can then be written as Pr(HT ∩ Z ∩
W). Defining Pr(Z ∩W) = Pr(ZW), this may be broken down as
Pr(HT ∩ ZW) = Pr(HT) · Pr(ZW|HT). (5)
Now assuming that the probability of finding a Z candidate in an event and the probability of
finding aW candidate in an event are independent we have




Since 0 < Pr(HT|ZW) <= 1 we also know that Pr(ZW|HT) ≤ Pr(Z)Pr(W)/Pr(HT). Finally,
combining this with Eqn. 5 we have
Pr(HT ∩ Z ∩W) ≤ Pr(Z) · Pr(W). (7)
Therefore, the multiplication of the Z and W requirements will give an upper limit on the
size of the background. From the full set of available QCD samples, generated in different pˆT
bins, an average measurement of Pr(HT|ZW) shows that this ratio is very nearly equal to one.
Thus the values we estimate here should be close (within statistics) to the correct values. One
further concern is the independence of the W and Z selection, which has also been assumed
here. We prove that this is a valid assumption by using the top five pˆT bins and showing that
the expected number of events with a WZ → 3µ combination (assuming independence and
counting) are in agreement with the actual number ofWZ → 3µ pairs found.
We then use this factorization technique to obtain the upper limit on the QCD background
contribution. With 1 fb−1 of integrated luminosity we estimate around 7 background events
for the M = 300 GeV optimized selection criteria and around 17 events for the M = 225 GeV
optimized selection criteria. However, these numbers are not fully representative, since they
neglect to account for the WZ invariant mass window selection. We estimate this efficiency
using WZ event selection statistics from the highest pˆT bins in the QCD sample. Using this
13
method and accounting for the mass windows, we find that the total QCD background con-
tribution is scaled to 0.4+0.5−0.3 for the M = 300 GeV window and 0.5
+0.7
−0.4 for the M = 225 GeV
mass window2. We also estimate this background by applying our full set of selection criteria
to Monte Carlo QCD events and find it to be negligible.
9 Data Driven Background Estimation
The technicolor signal is composed of three leptons in the final state. Therefore, the main
sources of background are categorized into physics background and instrumental background.
The physics background includes ZZ andWZ while the instrumental background can be fur-
ther classified into two groups; one that includes a genuine Z boson such as Z+jets , Zγ, Zbb
and the other that does not include a genuine Z boson, such asW+jets and tt production.
At startup the physics background must be extracted from MC simulation and hence a large
uncertainty assigned to the estimated background contribution. However, in all likelihood
this analysis will not be feasible untilWZ and ZZ have been well measured at CMS, and MC
simulation of their production validated. In that case it will not be necessary to assume a
large uncertainty on their background contributions. The instrumental backgrounds from Zγ
processes can be determined from data once the FSR Z signal is measured at CMS.
9.1 Estimation of tt Background
The tt and other backgrounds without a genuine Z can be estimated using the sideband sub-
traction method. The strategy used is described below. An alternative technique [17] to mea-
sure the tt background, which uses b-tagging, can be used once sufficient luminosity has been
accumulated to calibrate the b-tagging.
In order to estimate the contribution from tt¯ events and the (rather small) leakage of W+jets
events into the final selection of events, we use a fitting procedure that assumes that the pro-
cesses with non-genuine Z bosons in the final state populate the tails of the Z invariant mass
distribution.
We extract the shape of the Z boson peak in the Z candidate invariant mass distribution from
a combination of Z+jets andWZ samples with much looser requirements. We restrict the peak
to a narrow window from 81 GeV to 101 GeV. The background shape (parameterized by a
quadratic function) is extracted from a combination of tt¯ and W+jets samples and is expected
to be rather flat.
The Z candidate invariant mass distribution (after all requirements) of the final candidate
events for an integrated luminosity corresponding to 200 pb−1 is then fitted to the sum of the
extracted Z shape and the quadratic background. The resulting fit can be seen in Fig. 15. The
uncertainties obtained using this data-driven technique are used instead of the Monte Carlo
uncertainties for the tt and W+jets background. Table 7 shows the results for ρT = 225 GeV
and ρT = 300 GeV. The relative systematic uncertainty for the latter is used for the higher mass
points as well.
9.2 Estimation of Z+jets Background
The Z+jets background constitutes one of the largest background contributions to this analysis.
The method used to extract this background is the “matrix method” which was devised by the
2Asymmetric Bayesian errors are used to better account for the low statistics in the mass window selection
efficiency.
14 9 Data Driven Background Estimation
Table 7: Expected numbers of events of tt andW+jets background for 200 pb−1 of data for the
two lowest mass points after applying all the selection criteria.
Process Expected tt and W+jets background
events per 200 pb−1
ρT (M=225 GeV) 0.959± 1.016
ρT (M=300 GeV) 0.232± 0.101
 (GeV)ZM
















































Figure 15: Fit to the final Z boson invariant mass distribution for the ρT = 225 GeV mass point
(left) and the ρT = 300 GeV mass point (right) for 200 pb−1 of data. The genuine Z background
contribution (blue dotted line histogram) and the non-genuine Z flat background (red dashed
line) can also be seen.
D0 Collaboration [18] and was also used in theWZ [14] and b
′
[19] analyses.
The “matrix method” requires the definition of two samples.
• Tight-cut sample: events passing all the signal extraction cuts
• Loose-cut sample: events passing all the selection cuts, except for the isolation cuts
on theW daughter leptons.
The observables are the total number of events in these two samples. The Loose-cut sample
contains events with theW candidates reconstructed from either true leptons (Nlep) or the fake
ones frommisidentified jets (Njet). Hence the number of events in this sample can be expressed
as:
Nloose = Nlep + Njet (8)
The number of events in the Tight-cut sample can be written as:
Ntight = etightNlep + PfakeNjet, (9)
where etight is the efficiency for true leptons to pass the isolation cuts and Pfake is the corre-
sponding efficiency for fake leptons. We will obtain etight and Pfake from data.
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Measurement of Lepton Isolation Efficiency using Tag and Probe :
The tag and probe method [20] will be used to measure the efficiency for the true leptons to
pass the isolation cuts. A Z-enriched sample containing the signal (300 GeV mass point) and
Z+jets as well asW+jets and tt as background is used by requiring two opposite-charged lep-
tons with the same flavor and invariant mass within the 50 to 120 GeV range. The leptons
are required to have pT > 15GeV and pass the above lepton ID selections. Only one Z candi-




(NTF − BTF) + 2(NTT − BTT) (10)
Here, N is the total number of events in the Z-candidate mass window, while B is the com-
binatorial background from W events, as estimated from a linear fit on events outside of the
Z window. The subscript TT means that both leptons pass the isolation cuts and TF means
that one of the leptons fails the isolation cuts and which does not include those of TT. Using
this method, the efficiencies for muons and electrons are estimated to be (93.9 ± 0.8)% and
(96.5± 1.3)%, respectively.
Isolation Efficiency for Fake Leptons :
We use fake leptons from theW+jets, Z+jets, tt¯ and VQQ samples to estimate the rate at which
jets that satisfy loose lepton identification requirements also satisfy the tight requirements. We
select W+jet candidate events by requiring the event to have a very good quality W lepton
candidate satisfying tight lepton identification requirements and pT > 20 GeV. We require the
event to have EmissT > 20 GeV, and the W candidate transverse mass to exceed 20 GeV. The
W lepton candidate is thereafter referred to as the tag lepton. Then we require the event to
have only one additional lepton with opposite flavor and the same charge to reject Z, WW,
and tt¯ processes. This selection is applied to W+jets, Z+jets, tt and VQQ samples.The MC
simulation studies indicate that these criteria help select jets misidentified as leptons in more
than 95% of the cases. We then compare the number of tight and loose leptons and measure
Pfake for electrons andmuons to be 0.30± 0.04 and 0.33± 0.03, respectively. These uncertainties
include estimated statistical uncertainties expected for 200 pb−1 of integrated luminosity. The
obtained rates agree well with those obtained usingMonte Carlo truth information: 0.25± 0.04
(electrons) and 0.33 ± 0.04 (muons).
Final Z+jets background estimate:
Using the measured isolation efficiencies for true and fake leptons, we estimate signal and
background contributions from a combined sample consisting of technicolor, Z+jets, VQQ,WZ,
and ZZ. Values are given in Table 8. The uncertainties in the Z+jets and VQQ background
contributions estimated using this data-driven technique are then used when calculating the
exclusion limits (instead of the Monte Carlo uncertainties).
10 Data Driven Efficiency Measurement
The tag and probe method [20] will be used to measure the lepton reconstruction and identi-
fication efficiencies at large pT directly using the high mass Drell-Yan tail [17]. The statistical
precision is limited but the systematic errors due to the use of Monte Carlo simulations are
minimized.
In the case of the electron, for example, the detector related electron reconstruction and identi-
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Table 8: Expected number of events for 200 pb−1 of data for the two lowest mass points after
applying all the selection criteria. The measured number of true leptons etight · Nlep may be
compared with the expected number of tight leptons from signal-like (technicolor, WZ, ZZ)
events based on Monte Carlo information in the final column, True Ntightlep .
Process Type etight · Nlep Pfake · Njet True Ntightlep
ρT (M=225 GeV)
Electron 4.4±3.0 1.4±1.7 5.0±1.6
Muon 1.8±2.9 2.4±2.0 5.3±1.7
ρT (M=300 GeV)
Electron 2.1±1.9 0.3±1.0 2.1±0.6
Muon 1.2±1.7 0.5±1.1 2.4±0.6
fication efficiencies are factorized as the product of two contributions:
eoffline = ecandeid (11)
where ecand is the efficiency for an electron to be reconstructed as an electron candidate (thus the
association of a supercluster and a GSF track), and to pass loose preselection cuts, and eid is the
efficiency for a candidate to pass other identification cuts such as isolation. The factorization of
the two contributions is assumed, in particular the absence of correlation between the isolation
criteria and the conditions for reconstructing a GSF track from the selected cluster.
For the ecand and eid efficiencies, specific selection criteria would be defined for the tags and for
the probes. If two lepton candidates in an event pass the tag criteria, two tag and probe pairs
are defined, with each candidate playing successively both roles.
With data we plan to validate this method for this analysis using signal and background sam-
ples corresponding to an integrated luminosity of few hundred inverse picobarns.
Another method to estimate the efficiency is a hybrid data/MC combined method which ex-
trapolates from the low mass to high mass resonance [17]. The technique would require the
validation of the response of the detector to leptons with data by using the “tag and probe”
method. Data/MC comparisons would be done for various distributions used in the triggering,
reconstruction and identification of these leptons. In the case where a statistically significant
discrepancy appears in the plots, the strategy should be to either remove the selection crite-
ria, modify the simulation or compute scale factors (“SF”) to match the efficiency measured in
data. The efficiency scale factors could be chosen to be measured as a function of ET. If the
SF is flat, or approaches an asymptotic value at high ET, we can extract a single number and
its statistical uncertainty, SFei ± δSF (stat.) for each (ith) component of the triggering, recon-
struction, and identification efficiency (the case where the the SF changes as a function of ET is
addressed). These SFei could be validated by measuring the corrected yield and extracting the
Drell-Yan cross-section in an invariant mass region above the Z peak. The difference between
the expected and measured cross section could be used as the systematic uncertainty on the
extrapolated efficiency.
11 Systematic Uncertainties
We take into account the following sources of systematic uncertainties:
• Luminosity:




We assign a 25% uncertainty for each standard model background estimate, which
takes into account uncertainties on the cross sections of various background pro-
cesses as well as the uncertainty in the K-factor used. The analysis is carried out us-
ing NLO cross sections listed in Table 9. Estimated values of the K-factor are given
for those processes whose NLO cross sections were not available. These theoretical
uncertainties are not taken into account for the backgrounds that are estimated using
data-driven methods as described in Section 12.
For the signal processes a theoretical uncertainty of 27%, which includes uncertain-
ties in the cross sections (10%) and the uncertainty in the K-factor (25%), is shown as
an uncertainty band in the cross section limit plot (Fig. 16). The value of the K-factor
used for the signal is the one assumed for a Drell-Yan process (Table 9).
• Lepton efficiency:
We assign a 1% uncertainty per lepton. This level of uncertainty is expected to be
achieved with early data (< 50 pb−1).
• Parton Distribution Function (PDF) uncertainties:
We conservatively assign a 6% uncertainty for the background as well as for the total
efficiency of the signal due to our choice of PDFs.
• EmissT uncertainty: We use an uncertainty of 10% in the EmissT resolution due to the jet
energy scale. The impact of this uncertainty in the reconstruction of theWZ-system
invariant mass is taken into account in the final results.
• W/Z pT requirement uncertainty: Based on a study in which we test the stability of
the background (within the signal mass windows used) for different values of the
W/Z pT requirement, we assign an uncertainty of 22% for the case of ρT = 225 GeV
and 13.4% for ρT = 300 GeV. The latter uncertainty is used also for the remaining
mass points.
Table 9: NLO cross sections and K-factors used in the analysis.
Process NLO cross section (pb) K-factor value
ρT (M=225 GeV) – 1.35± 0.27
ρT (M=300 GeV) – 1.35± 0.27
ρT (M=400 GeV) – 1.35± 0.27
ρT (M=500 GeV) – 1.35± 0.27
WZ 0.750± 0.050 –
ZZ 0.110± 0.022 –
tt¯ 390± 20 –
VQQ – 2.25± 0.5
Z + jets 5250± 150 –
W + jets 45000± 9000 –
12 Exclusion Limits
In the absence of an observed excess above background, we set a 95% C.L. upper limit on the
cross-section. This 95% C.L. upper limit is calculated using a Bayesian average and assuming
Poisson statistics. The limits are shown in Fig. 16 as a function of integrated luminosity. The
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horizontal lines indicate the theoretical cross section for the signal plus and minus 27% of theo-
retical uncertainty, which includes the uncertainty in the k-factors. The results are summarized
in Table 10. Also included in the table are results for a second set of technicolor parameters
which use different (lower) values for the piT mass. The latter affects the ρT → WZ branching
ratio by allowing the competing piT decay mode.
Table 10: Integrated luminosity needed for exclusion at 95% C.L. The last two columns indicate
the values of integrated luminosity needed if the theoretical uncertainty in the signal is taken
into account. The last two rows show results for different parameter sets for the mass points
ρT = 225 GeV and ρT = 300 GeV.
Process Int. luminosity Int. luminosity Int. luminosity
for 95% C.L limit for 95% C.L limit for 95% C.L limit
(pb−1) (+ theoretical (- theoretical
uncertainty) (pb−1) uncertainty) (pb−1)
ρT (M=225 GeV), piT (M=150 GeV) 400 240 790
ρT (M=300 GeV), piT (M=200 GeV) 440 290 790
ρT (M=400 GeV), piT (M=275 GeV) 1040 710 1800
ρT (M=500 GeV), piT (M=350 GeV) 2050 1450 3310
ρT (M=225 GeV), piT (M=140 GeV) 540 300 1060
ρT (M=300 GeV), piT (M=180 GeV) 1300 800 2550
The cross section limit calculation uses the results for 200 pb−1 of data as the initial input.
The final number of events and efficiencies for the signal used are the ones quoted in Table 5.
However, in order to provide a more realistic estimate, the results in this section make use
of our data-driven estimation of the uncertainties for Z + jets, VQQ, tt¯ and W+jets. Table 11
shows the final number of background events used in this section. The statistical uncertainty
in the total background is scaled with luminosity while the relative systematic uncertainty is
kept constant throughout.
Additionally, we estimate that well over 1 fb−1 of integrated luminosity would be needed at√
s = 10 TeV for a 5σ discovery of technicolor via the ρT →WZ process.
Table 11: Summary of final number of background events for 200 pb−1 of data. Statistical and
systematic uncertainties (in this order) are also given.
Process ρT (M=225 GeV) ρT (M=300 GeV) ρT (M=400 GeV) ρT (M=500 GeV)
WZ 1.416± 0.043± 0.502 0.699± 0.030± 0.214 0.508± 0.026± 0.156 0.190± 0.016± 0.058
ZZ 0.236± 0.004± 0.084 0.079± 0.003± 0.024 0.032± 0.002± 0.010 0.015± 0.001± 0.005
Z+jets and VQQ 2.082± 2.663± 0.506 0.384± 1.521± 0.064 0.121± 0.479± 0.020 0.034± 0.135± 0.006
tt¯ andW+jets 1.014± 1.016± 0.247 0.624± 0.101± 0.104 0.390± 0.063± 0.065 0.000± 0.000± 0.000
Total 4.76± 2.85± 0.76 1.79± 1.52± 0.25 1.05± 0.48± 0.17 0.24± 0.14± 0.06
13 Conclusion
We have studied the feasibility of searching for technihadrons - ρT and aT - using final stateWZ
invariant mass distributions. We find that it is possible to exclude at 95% C.L. (for a particular
set of technicolor parameters) the ρT → WZ process for ρT masses up to 300 GeV with ∼
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Figure 16: 95% C.L. limit for ρT as a function of integrated luminosity. The cross sections
include the branching ratio to electrons and muons. The horizontal bands, which indicate
the theoretical cross section (and its associated 27% uncertainty), intersect the limit curves at
approximately the values given in Table 10.
450 pb−1 of data. We also find that a 5σ observation of this process would need well over 1 fb−1
of data at
√
s = 10 TeV. However, we expect that owing to larger cross sections at
√
s = 14 TeV,
the discovery potential for ρT will be enhanced when the LHC operates at its design energy.
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